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Ultrafast 2D-IR and Optical Kerr Effect Spectroscopy Reveal the 
Impact of Duplex Melting on the Structural Dynamics of DNA 
Gordon Hithell,a Mario González-Jiménez,b Gregory M. Greetham,c Paul M. Donaldson,c Michael 
Towrie,c Anthony W. Parker,c Glenn A. Burley,d Klaas Wynne,*b Neil T. Hunt*a 
Changes in the structural and solvation dynamics of a 15mer AT DNA duplex upon melting of the double-helix are observed 
by a combination of ultrafast two-dimensional infrared (2D-IR) and optical Kerr-effect (OKE) spectroscopies. 2D-IR 
spectroscopy of the vibrational modes of the DNA bases reveal signature off-diagonal peaks arising from coupling and 
energy transfer across Watson-Crick paired bases that are unique to double-stranded DNA (ds-DNA). Spectral diffusion of 
specific base vibrational modes report on the structural dynamics of the duplex and the minor groove, which is predicted 
to contain a spine of hydration. Changes in these dynamics upon melting are assigned to increases in the degree of mobile 
solvent access to the bases in single-stranded DNA (ss-DNA) relative to the duplex. OKE spectra exhibit peaks that are 
assigned to specific long-range phonon modes of ds- and ss-DNA. Temperature-related changes in these features correlate 
well with those obtained from the 2D-IR spectra although the melting temperature of the ds-DNA phonon band is slightly 
higher than that for the Watson-Crick modes, suggesting that a degree of long-range duplex structure survives the loss of 
Watson-Crick hydrogen bonding. These results demonstrate that the melting of ds-DNA disrupts helix-specific structural 
dynamics encompassing length scales ranging from mode delocalisation in the Watson-Crick base pairs to long-range 
phonon modes that extend over multiple base pairs and which may play a role in molecular recognition of DNA. 
Introduction 
Deoxyribonucleic acid (DNA) is the fundamental repository of 
genetic information for the majority of living organisms. 
Despite this vital role, the molecular mechanisms underlying 
the wide range of functions involved in gene expression are 
only partially understood. The recognition of base sequences is 
fundamental for replication and transcription; dictating the 
binding of proteins and small molecules with a high degree of 
specificity and selectivity. While there have been numerous 
studies of the molecular structure of DNA sequences,1 ?5 a 
comprehensive understanding of the guiding principles for 
DNA-recognition and the conformational changes that occur 
upon binding remains to be established.6 This shows that other 
factors need to be considered and we suggest that these 
include the action of molecular dynamics.7 DNA is a highly 
dynamic molecule where considerable unwinding of the 
duplex plays essential roles in the transcription and replication 
processes. Underpinning these functions is the effect of the 
aqueous physiological environment. The interactions of water 
and metal ions with DNA are critical for duplex stability, yet 
their influence on ligand-DNA interactions remains to be fully 
characterised at the molecular level. 
Increasingly, it is clear that an approach is needed that studies 
the behaviour of DNA as a whole rather than as the sum of 
base, ribose and phosphate backbone moieties. The Watson-
Crick hydrogen-bonding interaction has been shown to induce 
vibrational coupling and delocalisation of vibrational modes 
across the base pair,8 ?12 while base-base-interactions along the 
strand contribute to the overall thermal stability of the double 
helix.13,14 Recently, we have found evidence that base 
vibrational modes couple to those of the backbone in the 
double helix structure, while energy relaxation follows a 
cascade from base to ribose to phosphate, showing that these 
moieties interact significantly.15 This agrees well with recent 
studies of DNA solvation, which identify a prominent role for 
the phosphate groups in mediating the interaction of DNA with 
its surroundings.16,17 
Here, we extend our understanding of the relationship 
between local and more global processes within DNA by 
combining the complementary methodologies of ultrafast two-
dimensional infrared (2D-IR) and optical Kerr effect 
spectroscopy (OKE) to study an AT-15mer duplex (Fig. 1) at a 
range of temperatures spanning the double-single-strand 
transition.  
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Figure 1 ʹ Schematic diagram illustrating the thermal denaturation transition of the AT-
15mer DNA (top) and structure of A-T base pair highlighting Watson-Crick hydrogen 
bonding (bottom). (DNA images created in Jmol: an open-source Java viewer for 
chemical structures in 3D. http://www.jmol.org/) 
The ultrafast temporal resolution of 2D-IR spectroscopy and 
sensitivity to localised changes in molecular structure means 
that it provides a valuable probe of the base vibrational modes 
and their interactions with both other bases and the solvent. 
In particular, peak positions, lineshapes and off-diagonal 
coupling patterns are sensitive reporters of H-bonding in the 
aqueous phase.18,19 Previous work includes applications of 2D-
IR to the N-H20,21 and C=O stretching modes of individual 
bases22 as well as in separating interstrand base pairing from 
intrastrand base stacking effects in short-strand GC-containing 
DNA duplexes.8,13 A recent study employed T-jump 2D-IR 
spectroscopy to study the dynamics of the ds-ss-DNA 
transition of mixed AT-GC sequences reporting the occurrence 
of strand fraying.23 Here, we provide a detailed study of the 
impact of base-pairing on the vibrational modes of AT-
sequences.  
OKE complements this local picture of base pairing by probing 
the low frequency Raman spectrum of the DNA strand via a 
measurement of the polarisability-polarisability correlation 
function. OKE has recently demonstrated that long-range 
global phonon modes involving interstrand hydrogen bonds 
exist in DNA under physiologically relevant conditions as well 
as providing insight into the behaviour of water near the DNA 
strand.14 The combination of these two techniques also 
constitutes a first step towards understanding how local, 
ultrafast (sub-ps), processes may impact on longer-range 
slower timescale behaviour; a question of central importance 
to studies of ultrafast dynamics in biological systems. 
Our results indicate that spectral features covering a range of 
length scales are correlated to the melting of the ds-DNA helix. 
These include specific off-diagonal peaks in the 2D-IR spectra, 
attributable to interbase coupling and vibrational energy 
transfer arising from Watson-Crick H-bonding and the low-
frequency phonon modes of the DNA oligomer detected by 
OKE. The melting temperature of the ds-DNA phonon mode is 
found to be slightly higher than that of the Watson-Crick base 
pairs, suggesting that a degree of long-range structure is 
retained beyond Watson-Crick melting. 2D-IR spectral diffusion 
measurements on base vibrational modes also provide insight 
into the structural dynamics and solvation of the duplex. 
Changes observed in these dynamics upon melting are largely 
attributed to increases in solvent access to the bases. 
 
Figure 2 - a) FTIR spectra of AT 15mer duplex recorded at a range of temperatures 
between 293 K (blue) and 353 K (red), assignments of bands are discussed in the text. 
b) 2D-IR spectrum of AT 15mer at 293 K Tw = 250 fs. c) 2D-IR spectrum of AT 15mer at 
353 K Tw = 250fs. Colour scale runs from red (negative) to blue (positive) with contours 
at 10% intervals. 
 
Results  
Samples containing complementary 15 base pair DNA oligomers 
ǁŝƚŚƐĞƋƵĞŶĐĞ ? ? ?ATTATTATTATATTA ? ? ?were prepared in 
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Figure 3  ? 2D-IR spectra of a) AMP b) TMP and AT 15mer at c) 293 K and d) 353 K. 
Coloured symbols indicate the assignment of peaks visible in the AT 15mer spectra (c,d) 
based on the mononucleotide spectra (a,b), see text. 
 phosphate buffer at pD 7 containing NaCl as described in the 
Materials and Methods section. 
IR Spectroscopy 
IR absorption (FTIR) spectra of the AT 15mer recorded in the 
1550-1750 cm-1 region as a function of temperature are shown 
in Fig.2(a). At 293 K, five bands were observed, located at 1575 
cm-1, 1622, 1643, 1663 and 1692 cm-1 (blue spectrum). Heating 
to 353 K (red spectrum) caused the bands at 1622 cm-1 and 
1663 cm-1 to increase in intensity, while the 1643 cm-1 band 
shifted to lower frequency (1630 cm-1), becoming partially 
obscured by the 1622 cm-1 peak. 
Examination of the temperature dependence of the FTIR 
spectrum using Principal Component Analysis (PCA) showed 
that the temperature dependence of the FTIR data could be 
largely described (99.9%) by two principal components (PC). 
The major PC (PC1, representing 98.2% of the variance) 
consisted of the average IR absorption spectrum across the 
temperature range studied and was temperature independent. 
By contrast, (PC2, 1.8%) represented the changes in the FTIR 
spectrum as a function of temperature, which mirrored the 
changes visible in Fig.2(a). The results are shown in detail in Fig 
S1. The temperature-dependence of PC2 was well-represented 
by a sigmoidal profile with a melting temperature (Tm) for the 
ds-DNA of 323±2 K (SI Fig S1). This compares with the value of 
318±2 K obtained from a standard DNA melting curve using UV 
absorption spectroscopy at an excitation wavelength of 260 
nm (SI Fig S2). 
2D-IR Spectroscopy 
It has been shown previously that an accurate assignment of 
the vibrational modes of DNA bases requires consideration of 
the coupling between them and the associated mode 
delocalisation.22 This is facilitated by 2D-IR spectroscopy and  
 
Figure 4  ? Spectral distribution of 2D-IR PC2 corresponding to the temperature-induced 
difference spectrum associated with AT-15mer duplex melting. Arrows and highlighted 
regions correspond to references in the main text. Colour scale runs from red 
(negative) to blue (positive). 
spectra were obtained at a range of temperatures from 293 to 
353 K.  
The 2D-IR spectrum of the AT 15mer at 293 K (ds-DNA) is 
shown in Fig.2(b) for a waiting time of 250 fs. Five negative 
features appear on the diagonal, each corresponding to the 
v=0-1 transition of the bands observed in the FTIR spectrum 
(Fig.2(a)). The four most intense are highlighted using vertical 
dashed lines in Fig.2(b). Each of the diagonal peaks is 
accompanied by a positive feature shifted to lower probe 
frequency, arising from the v=1-2 transition of each mode. In 
the 293 K (ds-DNA) spectrum, the diagonal features are all 
linked by off-diagonal peaks. These are most clearly identified 
below the diagonal using the intersections of vertical and 
horizontal lines in Fig.2(b) and show that the modes are linked 
either by vibrational coupling or energy transfer.  
Increasing the temperature to 353 K (Fig.2(c)) induced changes 
in both the on- and off-diagonal spectral features, indicating a 
change in the coupling/energy transfer patterns occurring 
within the DNA upon melting, which we discuss in detail 
below.  
To assist with peak assignments, the 2D-IR spectra of 
adenosine and thymidine monophosphate (AMP and TMP) are 
shown in Fig.3(a&b) alongside spectra of the AT 15mer at the 
extremes of the temperature range studied (Fig.3(c&d)). A 
comparison of the respective FTIR spectra is shown in Fig S3. 
The spectra of AMP and TMP have been reported previously22 
but, it is important to compare the spectra under the same 
experimental conditions. The spectra of the individual bases 
are in excellent agreement with previous work22 and show that 
the three higher frequency modes in the AT 15mer spectra 
near 1643, 1663 and 1692 cm-1 are primarily due to the 
thymine base (Fig.3(b), red circles), while those at 1575 and 
1622 cm-1 are ƉƌĞĚŽŵŝŶĂŶƚůǇ  ?ĂĚĞŶŝŶĞ ? ŝŶ ĐŚĂƌĂĐƚĞƌ  ?&ŝŐ ?3(a), 
blue squares).  
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Figure 5  ? Temperature-dependent OKE spectra of the AT 15-mer and the functions used to model them (filled), see text for details. The temperatures run 
from 298 K (blue) to 358 K (red) in intervals of 10 K. 
 
At 353 K, (Fig.3(d)) the coupling patterns and line positions 
observed for the AT 15mer closely resembles a linear 
combination of the spectra of AMP and TMP. Furthermore, 
inspection of the FTIR data (Fig.S3) shows only small variations 
in peak positions between the monophosphates and the 353 K 
AT 15mer sample. This indicates that, under conditions where 
no molecular structure beyond that of the base sequence is 
expected, interactions between neighbouring bases do not 
affect peak positions significantly, although some variation in 
relative amplitudes was observed. Thus, the mode 
assignments of the ss-DNA conformation can be made, by 
direct comparison with the individual bases, to the thymine 
T2S, T4S and TR modes at 1692, 1661 and 1630 cm-1 respectively 
(Fig.3(d) red circles). The 1626 cm-1 mode and the weak 1575 
cm-1 of the single-stranded AT 15mer are assigned to AR 
stretching mode and a further ring vibration of adenine 
(Fig.3(d) blue squares). These are summarised in Table 1.  
PCA was applied to investigate the temperature-induced 
changes in the 2D-IR spectra in detail. Similar results were 
obtained to those from the FTIR spectra: A temperature 
independent component (PC1) was obtained which was 
representative of the average 2D-IR spectrum over the 
temperature range. In addition, a temperature-dependent 
principal component (PC2) was produced, which exhibited a 
sigmoidal profile with a Tm of 319±2 K. The results are shown 
in detail in the SI (Fig.S4). This confirms that the changes in PC2 
are correlated to the duplex melting. The spectral distribution 
of PC2 is shown in Fig.4. This is identical to a difference 2D-IR 
spectrum and allows direct visualisation of the 2D-IR spectral 
changes occurring at elevated temperature. Four key 
observations arise from Fig.4 (see numbered green boxes in 
the figure, which correspond to each point): 
1) The 1692 cm-1 diagonal peak has the opposite phase (sign of 
the v=0-1 and v=1-2 components) relative to the same peak in 
the experimental spectra (Figs.2(b,c)). In both figures, positive 
features are blue and negative peaks are red. This reflects the 
decrease in amplitude of this mode as the temperature is 
increased, consistent with the FTIR data. 
2) The phase of the 1622 cm-1 diagonal peak is the same as in 
the experimental spectrum (Fig.2(b,c)), showing that this 
feature increases in amplitude upon duplex melting. This 
information is also consistent with the FTIR spectra (Fig.2(a)).  
3) The 1643 cm-1 diagonal mode shifts to lower wavenumber 
upon melting. This can be seen because the off-diagonal-peak 
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between the 1643 and 1692 cm-1 modes loses intensity (blue) 
at a pump frequency of 1643 cm-1 and gains intensity (red) at a 
pump frequency of 1632 cm-1. This process is partially 
obscured in the FTIR spectra by the increasing intensity of the 
1622 cm-1 mode as the temperature rises. 
4) The off-diagonal features linking the 1622 cm-1 diagonal 
peak to the higher frequency diagonal modes have the 
opposite sign to the corresponding features in the 
experimental data, indicating their decrease in amplitude at 
high temperature and the loss of these features upon melting 
of the duplex. 
Thus, we can conclude that formation of the double stranded 
DNA conformation leads to a shift in the TR mode to higher 
frequency while new off-diagonal peaks linking the modes 
ascribed to T with the A mode appear. These are shown by 
purple triangles in Fig.3(c) and represent off-diagonal peaks 
that are specific to the formation of Watson-Crick interactions 
between A and T. This conclusion is further supported by the 
presence of additional off-diagonal modes linking the weak A 
ring mode at 1575 cm-1 with the three T modes. Only the 
strongest of these is resolved clearly in Fig.3(c) and marked 
with a purple triangle but the others are visible in slices 
through the data (see SI Fig S5). 
This result is in good agreement with that predicted by 
computational simulations9,11 and we thus follow the 
assignment proposed by designating the four major vibrational 
modes in the ds-DNA spectrum as AT2S, AT4S and ATR and ART 
(1692, 1663, 1643 and 1622 cm-1 respectively) to reflect the 
coupling-induced delocalisation occurring across the base pair. 
The detailed changes in spectroscopy of the AT 15mer 
reported here also agree well with recent T-jump 2D-IR 
spectroscopy melting of short-chain mixed (GC/AT) samples 
containing AT-rich tracts.23  
 
T 
(K) 
Mode 
frequency 
(cm-1) 
Assignment 
Vibrational 
Lifetime (fs) 
FFCF (fs) 
293 
1692 AT2S 770 - 
1663 AT4S 1030 - 
1643 ATR 930 - 
1622 ART 860 - 
353 
1692 T2S 800 570±50 
1661 T4S 760 - 
1630 TR - - 
1626 AR 650 1060±520 
Table 1 ʹ Mode assignments and dynamic information from AT-15mer Duplex 2D-IR 
data 
 
 
 
 
 
 
 
Figure 6  ? 2D-IR spectra of the AT2S/T2S mode of the AT 15mer obtained as a function of 
waiting time and temperature. (a-c) show Tw = 250, 750 and 1500 fs at 293 K. (d-f) 
shows the same waiting times at 353 K. The black symbols show the results of a nodal 
line slope (NLS) analysis of the line shapes. 
 
OKE Spectroscopy 
OKE spectra of the AT 15mer were measured at temperatures 
ranging from 298 to 358 K in intervals of 10 K. Since the OKE 
spectrum of water is indistinguishable from that of phosphate 
buffer at the concentration employed, the OKE spectrum of 
water was subtracted at each temperature to obtain 
difference spectra that were dominated by the solvated DNA 
oligomers (Fig.5 and Fig S6).14 
In order to quantify the features of the collected spectra, they 
were modelled (SI Table 1) using two Cole-Cole functions:  
       
   Im1
CC
CC
AS
i D
Z ZW 
           (1) 
and four Brownian oscillator functions: 
     
   
2
0
2
0
Im
2
BO
BO
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i
ZZ Z Z Z J  
 
(2) 
as discussed in more detail in Ref.14. 
The origin of the high-intensity region in the lowest-frequency 
part of the spectra is the diffusive reorientational motion of 
the nucleic acid. To model it, a Cole-Cole function (Fig.5, CC1) 
was employed.14 Since a large part of these bands is 
inaccessible in the experiments, the orientational relaxation 
time of each band was estimated using the Stokes-Einstein-
Debye equation.  
A second Cole-Cole function was required to fit the spectra 
(Fig.5, CC2). These broad bands, caused by the diffusive 
translational motions of water in the DNA solvation shell, 
cover the whole spectral range and with an increase of 
temperature shift to higher frequencies, becoming broader 
and more intense.The higher-frequency part of the spectra is 
due to delocalised phonon modes in the structure of the  
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Figure 7  ? Average FFCF dynamics as a function of TW for the T2S and AR modes 
of the AT 15mer DNA in ds and ss conformations (see legend). Points relate to 
experimental data, lines show fits to exponential functions (see text). 
 
oligomer and, therefore, was fitted using four Brownian 
oscillator functions.24 dǁŽŽĨƚŚĞƐĞĨƵŶĐƚŝŽŶƐ ? ?  ?ʘ0 ? ?ʋс ? ? ?
d,ǌ ? ɶ ? ?ʋ с  ? ? ? ? d,ǌ ? ĂŶĚ  ?  ?ʘ0 ? ?ʋ с  ? ? ? d,ǌ ? ɶ ? ?ʋ с  ? ? ? ?
THz), show a small linear increase in intensity with increasing 
temperature. The behaviour ŽĨƚŚĞŽƚŚĞƌƚǁŽďĂŶĚƐ ? ? ?ʘ0 ? ?ʋ
с  ? ? ? d,ǌ ? ɶ ? ?ʋ с  ? ? ? d,ǌ ? ĂŶĚ  ?  ?ʘ0 ? ?ʋ с  ? ? ? ? d,ǌ ? ɶ ? ?ʋ с
0.61 THz), is very different. At 298 K the spectrum of the DNA 
oligomer can be fitted without the presence of B2 and as the 
temperature rises, the band appears and increases 
significantly in amplitude. The opposite effect is observed in 
the band B4, which has a maximum amplitude at 298 K and 
almost disappears at 358 K. The changes of intensity of these 
two bands have a sigmoidal dependence on temperature. This 
shows that the bands B2 and B4 are associated with the single- 
and double-strand conformation of the oligomer respectively. 
From a  
sigmoidal fit to the intensity of B2 and B4, melting 
temperatures for the oligomer of 324 ± 1 K and 330 ± 2 K were 
determined, respectively. It was observed that it was not 
necessary to modify the frequency of the Brownian oscillator 
functions as the temperature changed. This is attributed to the 
modes being associated with under-damped delocalised 
phonons that are not strongly coupled to the solvent.14 
Structural and solvation dynamics 
In addition to the 2D-IR spectra recorded as a function of 
temperature for a fixed waiting time, spectra were also 
obtained at a series of waiting times at 293 K and 353 K where 
the DNA is predominantly in ds and ss conformations 
respectively. Example spectra are shown in Fig.6 where the 
evolution of the lineshapes from diagonally-elongated toward 
a more circular profile as the waiting time increases can be 
observed. This is indicative of an inhomogeneously broadened 
lineshape undergoing spectral diffusion.18,19,25 ?28 Extraction of 
the temporal-dependence of this lineshape evolution reports 
on the local molecular dynamics influencing the transition 
frequency.18,19,25,27 ?29 Due to the overlap of many transitions in 
this region of the spectrum, we have focused upon the 
diagonal peaks assigned to the AT2S/T2S (near 1692 cm-1) and 
ART/AR modes (~1622 cm-1) at 293/353 K respectively (see 
Table 1). Reliable dynamical information could not be 
extracted from the AT4S/T4S and ATR/TR cm-1 modes. However, 
qualitatively, the AT4S/T4S peaks were observed to show faster 
spectral diffusion at high temperatures. 
In order to reliably extract the dynamics of the frequency-
frequency correlation function (FFCF) from the crowded 2D-IR 
spectra, the results of three methods  ? the Centre Line Slope 
(CLS),30 the Nodal Line Slope (NLS)31,32 and 2D Gaussian fitting 
 ? were compared (see SI Fig S7).33 In all cases, the methods 
returned very similar results.34 The average of these (averaged 
fit FFCF) was taken to provide the most robust measurement 
of the spectral diffusion. The results as a function of Tw are 
shown in Fig.7.  
At 293 K, (ds-DNA) both ART and AT2S modes show very little 
decay of the averaged fit FFCF value, showing that any 
dynamics are occurring on timescales much longer than 1500 
fs. However, the fact that the averaged fit FFCF is reduced 
from unity at short waiting times suggests a contribution from 
dynamics that are faster than the time resolution of the 
instrument (200 fs). When the temperature was raised to 353 
K, above the melting transition, the fast dynamic contribution 
is still present but is now accompanied by a clear exponential 
decay for both modes, with timescales of 570±50 fs (T2S) and 
1060±520 fs (AR) recovered. The latter was poorly defined as a 
result of the very fast vibrational relaxation (T1~650 fs) of the 
base vibrational modes.15 All dynamic parameters extracted 
from the ds-DNA samples are shown in Table 1. 
The experiments were repeated using only one of the two 
oligomers that make up the AT-15mer duplex (SI Fig S8) in 
order to distinguish the effects of temperature from those due 
to strand separation. In this case, the T2S mode exhibited an 
exponential decay at both 293 K and 353 K, with decay times 
of 350±120 fs and 760±140 fs respectively. The AR mode 
however displays similar behaviour to that seen in the double-
stranded sample, with little decay observed at 293 K and an 
exponential decay of 610 fs observed at 353 K, though this was 
again poorly defined. More details on the dynamic parameters 
for the ss-DNA data are given in the SI (Table S2). 
In the OKE data, the fact that the high-frequency part of the 
spectrum can be represented by four Brownian oscillator 
functions (Lorentzian functions), but not the same number (or 
less) of Gaussian functions, shows that these bands are 
homogeneously broadened and correspond to single 
delocalized normal modes of the DNA molecule. The 
dependence of the bands B2 and B4 on the temperature 
proves the association of these modes with the single- and 
double-strand conformation of the 15mer, respectively. Both 
modes are underdamped. The mode associated with the 
double-strand conformation has a period of 330 fs and a 
damping rate of 1.6 ps, so it is underdamped undergoing 
approximately five oscillations before disappearing. The mode 
associated with the single strand has a much longer period 
(715 fs) but its damping rate is similar (1.67 ps). 
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Figure 8  ? Normalised melting curves for AT-15mer duplex extracted from FTIR, 2DIR 
and OKE experiments. Arrows show estimated inaccuracies in Tm values from 
experimental repeatability. 
Discussion 
The impact of duplex formation on the spectroscopy of DNA 
The results indicate that a number of spectroscopic features of 
DNA are directly attributable to the formation of ds-DNA. 2D-
IR spectra feature off-diagonal-peaks specifically due to 
coupling/energy transfer induced by Watson-Crick hydrogen 
bonding between the A and T bases (Fig.3. purple triangles). It 
has been shown previously that the vibrational modes of the 
single bases are delocalised to a greater or lesser degree while 
studies of Watson-Crick base paired systems featuring GC have 
shown significant interbase coupling.13 It is clear from the 
contrasting spectroscopy of the ds- and ss- AT 15 mer studied 
here that a similar situation exists in that the vibrational 
modes of ds-DNA are significantly affected by coupling-
induced delocalisation arising from the Watson-Crick pairing. 
This is particularly notable for the new off-diagonal peaks 
linking AR mode to the TR, T2S and T4S peaks but all of the 
modes change in position or amplitude upon duplex 
formation. 
In addition to these changes in the base vibrational modes, 
OKE spectroscopy identified two bands that change intensity 
as the duplex is denatured. One band, B2, grows in as the 
temperature increases while B4 disappears when the duplex is 
melted. These bands have been assigned to phonon-like 
modes that are a delocalised modes of the DNA structure.14  
Fig.8 summarises the temperature dependence of the various 
spectroscopic features. The results of the FT-IR and 2D-IR 
experiments agree within the accuracy of the measurement 
(323 ± 2K vs 319 ± 2K) as would be expected. The stated 
accuracy takes account of both the errors inherent in the 
sigmoidal fitting to the PCA data but also experiment-to-
experiment repeatability of Tm. The value obtained from UV-
visible melting data (318 ± 2K) is only slightly lower that the IR 
measurements when the accuracy is taken into account. The 
growth of the B2 (single strand) band from the OKE 
spectroscopy measurements also agrees with the IR and UV 
experiments within the stated error (324 ± 1K), suggesting that 
the low frequency phonon modes of the single strand are 
correlated with the base interactions measured by IR 
spectroscopy.  
It is however interesting that the loss of the B4 (ds-DNA) 
phonon band reaches a mid-point at a slightly higher 
temperature than the other measurements (330 ± 2K). Even 
accounting for the likely higher errors involved in deriving this 
value from a fit to the OKE data, this suggests that the B4 band 
persists even as the Watson-Crick interactions are being lost. 
Indeed, the ss-DNA phonon mode and the ds-DNA mode do 
not have the same midpoint. This observation is also visible in 
the previous reports of these bands on different oligomeric 
samples.14 The origin of this effect is not clear but implies that 
thermal breaking of the Watson-Crick interaction is insufficient 
to remove the structure and base-to-base interactions along 
the chain that support the ds-DNA phonon mode. The latter 
has been shown not to derive purely from base stacking and 
assigned to motions involving the H-bonding between the two 
strands. These results suggest that the motion is not supported 
only by the Watson-Crick H-bonding but contains a degree of 
long range contributions, as would be expected in the melting 
of a complex macromolecule. 
We note that, in the FTIR and 2D-IR data, there were 
contributions from linear behaviour of the melting curve 
before the melting transition. This was not observed in all 
experiments and the same fitting function was applied in all 
cases. However, applying a linear correction to the IR data 
increased the melting temperatures to 326 K (FTIR) and 324 K 
(2D-IR), which brings them closer to the melting temperature 
of the B4 band but does not conclusively remove the 
discrepancy. 
 
Signatures of Coupling and Energy Transfer 
Off-diagonal peaks in the 2D-IR spectra provide insight into 
processes such as coupling and energy transfer across the 
Watson-Crick base pairs. The magnitude of vibrational 
coupling is predicted to be in the region of 4-10 cm-1,10 which 
corresponds to an expected off-diagonal anharmonicity of 
around 1 cm-1.25 These values are close to the limit of 
resolution of the instrument but are consistent with the peak 
shapes observed in the lower right diagonal of the 2D-IR 
spectra (Fig.2(b)) at the shortest waiting times. These do not 
show clearly separated negative and positive contributions as 
would be expected for larger off-diagonal anharmonicities (SI 
Fig. S9(b)) and decay at the same rate as the diagonal peaks, 
consistent with coupling behaviour (Fig S10, circles). 
In addition to vibrational coupling, energy transfer would be 
expected to occur across the Watson-Crick paired bases. This is 
seen clearly in the upper-left diagonal of the spectra (Fig.2 and 
SI Fig.S9(a)). These show a different peak shape to the lower 
right portion of the spectrum, with shifts between negative 
and positive peaks that are clearly visible and very similar to 
the diagonal anharmonicities, highlighting the fact that 
population has transferred from one diagonal mode to the 
other. It is also noticeable that the peaks in the upper left 
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quadrant gain in amplitude relative to the diagonal as the 
waiting time increases, with a timescale that closely matches 
the 650 fs T1 relaxation time of the base modes (Fig S10, 
squares).15 This behaviour is consistent with downhill energy 
transfer. The lack of clear uphill energy transfer in the 
spectrum, as would be expected, is attributed to the short 
waiting times investigated. Indications of changes in the peak 
shapes due to energy transfer are present at Tw = 1500 fs, but 
the S/N ratio is small. A contributory factor in this will be the 
fast transfer of vibrational population from base to ribose 
modes, reported elsewhere, which provide an efficient 
mechanism for vibrational energy relaxation for base modes.15  
 
Conformation-Dependent Solvation Dynamics 
The spectral diffusion analysis of the AR and T2S modes shows 
significant contrasts between the ds-DNA (293 K) and ss-DNA 
(353 K) conformations. In all cases a contribution from very 
fast dynamics is indicated but, in the temporal region probed 
by the 2D-IR experiment, the double stranded sample shows 
little in the way of spectral diffusion on several hundred 
femtosecond timescales for either mode while, upon heating 
to 353 K and melting the duplex, exponential decay behaviour 
is observed. 
It is important to consider the nature of the vibrational modes 
probed in the 2D-IR experiment. Under single stranded 
conditions, the T2S mode is predominantly C=O stretching in 
character whereas the AR mode is predominantly a ring 
vibration, but contains a degree of NH2 bending.20,22 Upon 
formation of the Watson-Crick base pair in ds-DNA, both 
modes exhibit coupling, forming the ART and the AT2S modes 
ĂŶĚƐŽƚŚĞƐŝŵŝůĂƌďĞŚĂǀŝŽƵƌŝƐĐŽŶƐŝƐƚĞŶƚǁŝƚŚĂ ?ďĂƐĞƉĂŝƌĞĚ ?
environment within a stable double helix structure with little 
interaction with the solvent molecules that are often the basis 
of sub-ps dynamic motion.32,35 This is supported by the OKE 
data, which show that the duplex DNA supports phonon 
modes, that require long range structure. These results are 
also consistent with previous work showing that the primary 
interaction between DNA and solvent is through the 
phosphate groups.16 Thus, the slow dynamics that are poorly 
probed by this measurement are expected to be the dynamics 
of the helix structure. 
Melting of the DNA double strand leads to the T2S and AR 
modes exhibiting very different dynamics to the ART and AT2S 
modes. In the melted case, rapid, sub picosecond spectral 
diffusion is observed for both the T2S and AR modes. This 
change in dynamics is correlated with the disappearance of the 
ds-DNA phonon mode and shows that the loss of Watson-Crick 
base pairing and the rigid structure of the DNA helix is the 
cause of this change.  
The region between the rotational diffusion band and the 
Brownian oscillator functions of the high-frequency part of the 
OKE spectra could be fitted using a broad Cole-Cole function 
that peaks at 32 GHz and covers the whole range of 
frequencies measured, justifying the intensity of the spectra 
between 3 and 6 THz. Since the relaxational processes of a 
molecule must be slower than the underdamped vibrational 
modes of the same molecule and the diffusive translational 
diffusion of bulk water has been subtracted from the 
spectrum, the only process that can be associated with this 
broad band is the diffusive translational relaxation of water 
molecules in the solvation shell of the nucleic acid. The 
position of the band reveals a slowdown of the dynamics of 
the water in the solvation shell with respect to the dynamics of 
bulk water by a factor of 8 at 298 K. When the temperature 
increases and the DNA denatures, the band becomes much 
ďƌŽĂĚĞƌĂŶĚƚŚĞĞǆƉŽŶĞŶƚŝĂůĨĂĐƚŽƌɲĚƌŽƉƐĨƌŽŵ ? ? ? ?Ăƚ ? ? ?<
to 0.67 at 358 K. 
It is to be expected that breaking of the Watson-Crick 
Hydrogen-bonds will lead to increased solvent access to the AR 
and T2S modes. The AT2S mode is orientated into the minor 
groove of DNA when the duplex is formed and the minor 
groove is thought to contain a spine of hydration featuring 
bound water molecules.36 Therefore, while the T2S mode is 
believed to interact with water, this is not bulk-like water, 
consistent with the OKE conclusion and so fast spectral 
diffusion is not observed. This invites the conclusion that the 
AT2S mode is a viable probe of water dynamics within the 
minor groove, however, it is not possible to confirm the water 
interaction via 2D-IR measurements alone. The indications of 
these results are that, assuming the T2 carbonyl is interacting 
with water then spine of hydration has very similar (>1.5 ps) 
dynamics to the rest of the DNA strand, consistent with a 
heavily dynamically-restricted picture of minor groove water 
molecules.37,38 
When the DNA duplex is denatured and the minor groove is 
disrupted, the T2S mode becomes more accessible to the bulk 
solvent water molecules and spectral diffusion is observed. 
The spectral diffusion timescales are consistent with this 
behaviour, although it is noticeable that these are slower than 
the fast (300 fs) dynamics that are reported near the 
phosphate groups.16 This is consistent with preferential 
solvation of DNA through the ionic phosphates rather than the 
more hydrophobic bases as well as the evidence for water 
solvation of the DNA strand from OKE. The longer timescale 
exhibited by the AR mode is also suggestive of differential 
solvation or environment in comparison to the more 
hydrophilic C=O unit. 
The 2D-IR FFCFs for the single strand data set show some 
differences to that of the duplex. The AR shows no decay at 
low temperature, which is then recovered at higher 
temperatures. This is similar to the ds-DNA sample albeit with 
a slightly faster decay time. The T2S mode however does 
exhibit exponential decays in the spectral diffusion at both low 
and high temperatures with a slight increase in the decay 
constant at higher temperatures. It would be reasonable to 
consider that a single strand oligomer at low temperature 
should behave similarly to a high temperature denatured 
oligomers of the same length. However, the single strand 2D-
IR FFCF data does not entirely support this. The behaviour of 
the T2s mode does show that at low temperatures, this 
carbonyl bond is in a much more solvent accessible 
environment as opposed to the compact confinement of the 
DNA minor groove. The AR mode though shows a change in 
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dynamics with temperature and therefore indicates that the 
single strand possesses some structure, probably via 
hydrophobic interactions between bases, in solution at room 
temperature that is disrupted at high temperature. It is known 
that A base stacking is particularly stable and this result 
suggests that it might exert considerable influence even under 
single strand conditions.39 
Conclusions 
We have combined 2D-IR and OKE spectroscopy to reveal 
conformation-dependent coupling patterns and dynamics of 
an AT-15mer DNA duplex under solution-phase conditions. 2D-
IR spectra, which probe vibrational modes of the bases reveal 
off-diagonal peaks assigned to coupling and vibrational energy 
transfer across the AT base pairs, while OKE data show the 
formation of phonon vibrational modes along the DNA strand. 
In general, the two data sets show temperature-dependences 
that correlate well, but OKE data indicate that the phonon 
mode assigned to ds-DNA persists to a slightly higher 
temperature than Watson-Crick H-bonding. Duplex melting 
induces more rapid spectral diffusion of the base vibrational 
modes consistent with increased solvent access to the strand. 
Spectral diffusion measurements of the AT2S mode in ds-DNA 
also support the idea that any water bound into the minor 
groove of DNA is dynamically restricted in comparison to bulk 
water and suggest that the T2 C=O stretch has some potential 
to act as a probe of the DNA minor groove. These features will 
require further investigation in order to establish a clear link to 
the biological function of DNA, for example probing the NH 
stretching modes of the bases or the OH stretching modes of 
the surrounding water solvent shell may reveal new 
insights,20,40 but it is apparent that a range of dynamic 
phenomena need to be considered when attempting to 
understand DNA behaviour in solution.  
Materials and Methods 
Lyophilised DNA oligomers of a 15 base pair duplex with 
ƐĞƋƵĞŶĐĞ  ? ? ?ATTATTATTATATTA ? ? ? ? ƉůƵƐ ĐŽŵƉůŝŵĞŶƚĂƌǇ
oligomer (Eurofins Genomics Ltd.), (Fig 1) were used without 
further purification. Solutions were prepared with a duplex 
concentration of 5 mM in a deuterated phosphate buffer (100 
mM) at pD 7 containing 100 mM NaCl. For all IR spectroscopy 
measurements, deuterated solvents were used and samples 
were held between two CaF2 windows separated by a 
polytetrafluoroethylene (PTFE) spacer of 50 µm thickness. 
These were placed in a temperature-controlled mount capable 
of reaching temperatures from 293-353 K with ± 1 K accuracy. 
For OKE measurements, each oligomer was dissolved in non-
deuterated phosphate buffer (150 mM) at pH 7 to prepare 10 
mM solutions and then equal volumes of these solutions were 
ŵŝǆĞĚ ? dŚĞ ƌĞƐƵůƚŝŶŐ ƐŽůƵƚŝŽŶ ǁĂƐ ĨŝůƚĞƌĞĚ ƵƐŝŶŐ  ? ? ? ʅŵ
hydrophilic PTFE filters (Millipore, Darmstadt, Germany) to 
remove dust. The sample was contained in a rectangular 1 mm 
optical path quartz cuvette (Starna, Hainault, UK) held in a 
brass block that was temperature controlled with a precision 
of ± 0.5 K. Both buffer solutions used in IR and OKE 
experiments result in duplex formation in the B-form 
conformation. 
All IR absorption spectra were recorded using a Bruker Vertex 
70 Fourier transform (FT)-IR instrument. 2D-IR spectra were 
obtained using the FT-2D-IR method using the ULTRA laser 
system described previously.18,25,41 The OKE spectra of the 
samples were obtained by Fourier transforming the time-
domain data collected using two standard time domain step-
scan pump-probe configurations.24,42 Full details of the 2D-IR 
and OKE experiments are included in the SI. 
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Changes in the structural and solvation dynamics of 
DNA upon duplex melting are observed by 2D-IR and 
optical Kerr-effect spectroscopies. 
 
 
 
 
 
 
 
 
 
 
 
